ABSTRACT Unmanned aerial vehicle (UAV) nowadays is a promising technology for boosting wireless connectivity, especially for upcoming 5G wireless networks. Due to its aerial feature, potential mobility and flexible deployment, the UAV can provide service in some specific scenarios such as post-disaster network recovery or no-infrastructure terrains. However, the problem of interference management between deployed UAV and underlaying heterogeneous networks, which guarantees the quality of service, is still a challenging task. In this paper, we address the outage probability for UAV connected users and device-to-device (D2D) receivers simultaneously operating in D2D underlaying NOMA UAV-assisted networks, and we derive its closed-form expressions, which turns out to be very accurate. We also solve the power control optimization problem via relaxing the non-convex problem into solving successive low-complexity linear programs to obtain a sub-optimal solution to the problem. The simulation results in confirm the superiority of the proposed approach in the terms of computational complexity and its compromise in the terms of sum rate.
user. Improper power assignment leads to inefficient detection, high probability of block error rate and lower throughput for UAV connected users. Furthermore, excessive power assignment for UAV connected users may lead to severe interference due to strong line-of-sight visibility by UAV for other terminals operating within local proximity on the same designated bandwidth. Moreover, from D2D communication network perspective, improper power control may lead to lower network throughput for D2D communication network or severe interference for neighboring UAV connected users for excessive power transmission by D2D transmitter nodes.
Power control is also crucial from energy efficiency perspective. UAV, as an aerial base station, is a powerlimited battery-operated vehicle so that UAV aims to provide service/connectivity to its connected users with minimum energy consumption to prolong service time as much as possible. Therefore, UAV aims to control power assigned to each connected user such that a minimum user rate constraint is fulfilled and the UAV energy is saved for much longer service time. Also, D2D communication pairs are power limited battery-operated handsets that aim to increase network throughput with minimum energy consumption to increase battery service time.
In this article, we firstly investigate the outage probability for both UAV connected users and D2D communication receivers. We also investigate the optimal power control strategy that causes no harm for D2D communication network and preserves a good QoS for UAV connected users. Specifically, we investigate the scenario of UAV-assisted multiple access network that operates on a NOMA basis and is underlaid by a D2D communication network. The main contributions of this article can be summarized as follows:
• Providing an outage probability analysis for NOMA-based UAV-assisted network underlaid with D2D communications. Specifically, closed-form expressions for the outage probability of the downlink users operated by the UAV on a NOMA basis as well as the outage probability for the D2D communication receivers overlaid by the UAV, are derived.
• Formulate the power control problem for network transmitters (i.e., UAV and D2D transmitter nodes) as a non-convex optimization problem with both maximum power and QoS constraints for each user operated by UAV.
• The non-convex optimization problem is then relaxed into a modified convex linear program by limiting the interference that can be encountered by any D2D receiver to a maximum limit so that the modified problem can be gradually solved until sub-optimal solution is reached.
• Finally, some insights on the complexity of the proposed solution compared to the literature [19] are provided. The rest of the paper is organized as follows. We describe the system model in detail in Section II. The outage probability analysis and the closed-form expressions are derived in Section III. The proposed power control scheme for solving the optimization problem is provided in Section IV. The convergence and complexity of the proposed solution are addressed in Section V. Numerical results are provided in Section VI. The paper is finally concluded in Section VII.
II. SYSTEM MODEL
Consider the system model shown in Fig. 1 , where a cellular base-station (BS) at the center of the target region is malfunctioning either due to a temporary failure or a natural disaster. A rotary-wing UAV (i.e., UAV that can hover on the air) is deployed at altitude h above the center of the target region to replace the malfunctioning terrestrial BS and provide service temporarily to user equipments (UEs) within close proximity based on NOMA concepts. The rotary-wing UAV can save high amount of energy consumed during flight phase as it only provides service to a local proximity while it is hovering. The saved energy is used for supporting hovering and transmission to its connected users. Since the UAV is stationary (due to hovering), there is no significant delay encountered in communication phase to UAV connected users. Also, the UAV service is terminated once the original macro-cellular service is recovered. Moreover, thanks to the recent developments of battery technology, high-power batteries can be mounted on the rotary-wing UAV board to provide sufficient power for hovering and transmission to UAV-connected users. Therefore, hovering and transmission energy consumption is tolerated by advanced batteries.
The whole assigned bandwidth is divided into a number of sub-channels and each sub-channel is occupied by two users to facilitate the complexity of the successive interference cancellation (SIC) structure at the receiver [26] . We further assume that the process of sub-channel allocation and user clustering have been already performed with a cluster size of 2. Every sub-channel will be occupied by only two users on a NOMA basis and the same sub-channel will be also shared by some underlaid D2D connections. The two UEs, denoted as U 1 and U 2 , are randomly deployed within the target region such that, without loss of generality, the channel link from UAV to U 1 has a higher quality than the channel link from UAV to U 2 . Therefore, aided with SIC equipped with its receiver, U 1 can suppress interference by firstly decoding the message signal designated to U 2 and then subtracting it from its received signal before decoding its own message signal. An underlaid network is represented by a group of M interfering D2D communication pairs that are randomly located within the same target region such that they operate underlaying the UAV-assisted cellular network on the same designated sub-channel. The distance between every transmitter and receiver of any D2D communication pair is fixed as D d2d . Since UAV users and D2D transmitters are communicating on the same sub-channel, we focus on solving the transmit power optimization problem for this heterogenous network that maximizes the D2D network throughput under some QoS and power constraints.
We denote M = {1, 2, . . . , m, . . . , M } as the set of all interfering D2D communication pairs. We also denote p = [p 1 , p 2 , . . . , p m , . . . , p M ] T as the transmit power vector for the D2D communication network such that p m is the transmit power associated with the transmitter of the m th D2D pair. We also denote p u,1 and p u,2 as the associated transmit power by UAV to U 1 and U 2 , respectively. The channel link for both A2G link and terrestrial link are further detailed in the following two subsections.
A. AIR-TO-GROUND CHANNEL LINK
The channel link between UAV and its associated users (i.e., U 1 and U 2 ) and the interfering link from UAV to different receivers of D2D pairs are both characterized as A2G channel links. The channel gain between UAV and its connected users U i (i.e., U 1 or U 2 ) is given by [27] - [29] :
where (x i , y i ) are the cartesian coordinates of user U i within the target region and i ∈ {1, 2}, n u is the pathloss exponent associated with the A2G link, and η is the excess-loss encountered if NLOS link exists between UAV and its associated user U i . The UAV can connect to its associated users either through LOS or NLOS links with different probabilities. The probability of LOS connectivity depends on some parameters such as user location, type of environment, and elevation angle θ such that the LOS probability associated with user U i is given by [18] P los,
where a and b are some parameters that vary according to the environment type (i.e., rural, urban or sub-urban). The elevation angle θ i , associated with user U i , in (2) is in degrees and is given by
Thus, the probability of NLOS, associated with user U i , is directly given by P nlos,i = 1−P los,i . Therefore, the average channel gain of the link between UAV and its connected user U i is given bȳ
Following the same approach, the average interfering channel gain of the link between UAV and the receiver of the m th D2D communication pair is thus given bȳ 
where γ 0 is the channel gain at a reference distance D 0 , ρ 2 m is the unit mean exponential random variable associated with the power of the rayleigh fading channel related to D2D user m, D is the generic distance of the terrestrial link between the transmitter and receiver, and finally n d is the path-loss exponent of the terrestrial link.
C. SIGNAL-TO-INTERFERENCE-PLUS-NOISE RATIO (SINR) ANALYSIS
The SINR at the UAV connected user U 1 is given by
where N is the additive white gaussian noise (AWGN) power. Besides, The SINR at the UAV connected user U 2 is given by
Finally, the SINR at the receiver of the m th D2D communication pair, denoted as D2D-R m , is given by
III. OUTAGE PROBABILITY ANALYSIS
In this section, we would provide a detailed analysis of the outage probability of different users located in the network, (i.e., U 1 , U 2 , and D2D-R m ). Outage probability is defined as the probability that the user data rate is below a certain threshold ζ . The outage analysis is further explained for the three kinds of users in the following subsections.
A. OUTAGE PROBABILITY OF UAV CONNECTED USER U 1
The achievable rate of UAV connected user U 1 is given by
Therefore, the outage probability of UAV connected user U 1 is defined as the probability that user U 1 has a rate below a predetermined rate ζ 1 . Thus, the outage probability is given by
where z 1 = 2 ζ 1 − 1. A closed-form expression for that outage probability associated with UAV connected user U 1 is given by the following theorem.
Theorem 1:
The outage probability of UAV connected user U 1 , given its predetermined rate ζ 1 , its location, the different locations of D2D interfering transmitters and the transmit power of the different transmitter nodes, is given by
where The achievable rate of UAV connected user U 2 is given by
Therefore, the outage probability of UAV connected user U 2 is defined as the probability that user U 2 has a rate below a predetermined rate ζ 2 . Thus, the outage probability is given by
where z 2 = 2 ζ 2 − 1. A closed form expression for the outage probability associated with UAV connected user U 2 is given by the following theorem.
Theorem 2:
The outage probability of UAV connected user U 2 , given its predetermined rate ζ 2 , its location, the different locations of D2D interfering transmitters and the transmit power of the different transmitter nodes, is given by
and D m,u,2 is the distance between the transmitter of the m th D2D communication pair and UAV connected user U 2 , and
C. OUTAGE PROBABILITY OF RECEIVER OF m th D2D PAIR D2D-R m
The achievable rate of the receiver of the m th D2D pair is given by
Therefore, the outage probability of the m th D2D pair is defined as the probability that the user has a rate below a predetermined rate ζ d,m . Thus, the outage probability is given by
where
A closed-form expression for the outage probability associated with the m th D2D pair is given by the following theorem. Theorem 3: The outage probability of the m th D2D pair, given its predetermined rate ζ d,m , its location and the different locations of other D2D interfering transmitters and the transmit power of the different transmitter nodes, is given by 
Proof: See Appendix C.
IV. PROPOSED POWER CONTROL SCHEME
As shown in the previous section, the outage probability for different kinds of users highly depends on the power assigned for transmission. In this section, we aim to maximize the throughput of D2D communication network and preserving the QoS of NOMA-based UAV-assisted multiple access network. Therefore, a power control scheme is required to maximize the D2D network throughput and maintain a minimum data rate for both UAV connected users. We can formulate the optimization problem for transmit power control as follows
where P max u , and P max d are the maximum transmit power of UAV and D2D transmitter, respectively. The constraints C1 VOLUME 7, 2019 and C2 ensure a minimum rate for both UAV connected users U 1 and U 2 , respectively, the power constraint in C3 ensures that the maximum transmit power of UAV is not exceeded, and the series of power constraints in C4 are associated with the transmit power limits of D2D communications. The optimization problem in (19) is a non-convex optimization problem due to the interfere term in the objective function [30] . C1 and C2 can be re-written to clarify their hidden convexity as follows
. The remaining set of constraints are all convex.
To make the optimization problem in (19) more tractable and inspired by the work in [31] , we modify the original problem by introducing a series of auxiliary variables combined in
Moreover a new constraint is added to the optimization problem to limit the interference encountered by the receiver of any D2D communication pair to a predefined limit of I such that the new constraint is given by
Therefore, the actual achievable rate by any D2D receiver is lower bounded byR d,m = log 2 (1 +γ m ) = log 2 
Remark 1: Constraints C1 and C2 will always hold at optimal solution as additional increasing of UAV power will result in more interference encountered by D2D pairs and hence lower throughput. Therefore, the optimal transmit power of p u,1 and p u,2 , as a function of the generic D2D optimal transmit power p * m , ∀m ∈ M, are given by p 
This optimization problem is in LP standard form and thereby can be solved by any linear programming solver in linear complexity.
The main consideration of the optimization problem in (21) is how to select the interference limit parameter I such that the solution of the problem in (21) corresponds to a sub-optimal solution to the original problem in (19) . The interference limit parameter I represents an upper bound to the actual interference encountered by the receiver of any D2D communication pair. The minimum value of this parameter is attained when all other interfering D2D pairs on the receiver of the m th pair are switched off (i.e., p n = 0, n = m, and n, m ∈ M). Also, the interfering UAV transmit power (i.e., p u,1 and p u,2 ) are set to a level that only satisfies the required data rate of both UAV . Therefore, the minimum possible value of the interference limit parameter I for any D2D user m is thus given by
Similarly, the maximum value of the parameter I is attained when all the interfering D2D pairs are switch on with its maximum transmit power P max d and at the same time the UAV is transmitting to its connected users with its maximum 16530 VOLUME 7, 2019 
Therefore, varying the interference parameter I gradually between the maximum value of both I min,m , ∀m ∈ M and I max,m , ∀m ∈ M would allow to search the whole range of possible encountered interference by the receiver of any D2D communication pair. Since the actual interference is always less than or equal to the interference limit parameter I , the solution obtained by solving the problem in (21) will always be an underestimation of the optimal sum rate of the original problem in (19) . Thus, by gradually varying the parameter I , a sub-optimal solution to the original problem that corresponds to the maximum D2D sum rate under all possible interference limit I can be attained. The whole procedure is described in detail in Algorithm 1.
V. CONVERGENCE AND COMPLEXITY ANALYSIS A. CONVERGENCE ANALYSIS
The proposed scheme tends to solve a linear program successively based on the resolution of the interference constraint parameter I . Therefore, the scheme initially gives lower throughput for a very low interference constraint as all D2D transmitters and even UAV lower their transmit power to satisfy the low interference constraint encountered by D2D receivers. However, gradually by increasing the interference constraint I , the sum rate will finally saturate at a specific level determined by the maximum possible interference encountered by D2D receivers due to full power transmission of D2D transmitters and UAV. 
B. COMPLEXITY ANALYSIS
The complexity of the proposed scheme is mainly determined by the complexity of solving the linear program at each iteration of the search where the linear program is solvable in polynomial time [32] . If we assume the resolution scale is set to L−points, therefore, the whole complexity of the proposed scheme is of the order of O(LM c ). The complexity of the scheme presented in [19] is of the order of O( 3 are the three number of iterations of the introduced algorithm. The finite number of resolution of the proposed scheme determines how complex the scheme is compared to the scheme in [19] .
VI. NUMERICAL RESULTS
The target region is assumed to be a square area of size 1000m × 1000m such that the UAV is placed at its center at an altitude h. The UAV is connected to 2 randomly located users that are uniformly distributed within the target region. D2D communication pairs are also randomly located and uniformly distributed within target area. The list of our simulation parameters are summarized in Table 1 . The obtained simulation results are averaged over 1000 realizations.
Figs. 2 and 3 validate the closed-form expressions obtained for the outage probability of both UAV connected users (i.e., U 1 and U 2 ) and for the D2D receivers, respectively. As shown in Fig. 2 , the outage probability for both UAV connected users obtained using simulation perfectly matches with the theoretical closed-form expressions obtained in (12) and (15) . Fig. 2 represents one snap shot realization of the system to validate the correctness of the derived forms. It is clear that the outage performance for UAV connected user U 1 is much better compared to the outage performance of UAV connected user U 2 due to the higher channel quality associated with UAV user U 1 . It can also be noticed that the outage performance (especially for UAV user U 2 ) can be optimized by controlling the transmit power level of all transmitters (i.e., UAV and D2D transmitters). This will be explained shortly in later results. Fig. 3 also clarifies the matching between the outage probability for D2D receivers through simulation and the outage derived in a closed-form expression in (18) for one snap-shot realization for three different D2D communication pairs. Fig. 4 shows the performance of the proposed solution in terms of D2D sum rate compared to the reference solution in [19] for different number of D2D communication pairs and at a maximum power of P max d = 100mW for D2D transmitters. Although the proposed solution gives lower performance compared to the reference solution in [19] . The slight decrease can be tolerated by the relaxation of the computational complexity as described earlier. We may further notice that the gap between the two schemes gradually increases as the number of D2D pairs increases. However, the complexity also increases exponentially especially for large D2D transmit power while the proposed solution provides fixed polynomial-time complexity. As described earlier, the solution for the modified problem depends on varying the interference limit parameter I . Fig. 5 shows the D2D pairs sum rate for the whole range of possible interference encountered. The whole range is divided equally into 100 steps. The results are obtained for two different simulation cases: P max d = 10mW and P max d = 100mW. We also set the result of the DoC algorithm in [19] as an upper bound for the solution of the proposed scheme. It can be shown that at some level of interference limit, the modified problem tends to provide a solution comparable to the solution obtained by solving the DoC problem in [19] . By gradually varying the interference constraint I and searching for the maximum achievable solution, a good sub-optimal solution to the original problem can be obtained in a reasonable complexity as shown in Fig. 5 .
As shown in Fig. 5 , a gradual change of interference limit tends to obtain a good sub-optimal solution for the original problem. In Fig. 6 , we investigate the step size effect on the obtained solution. We divide the whole range between the minimum and maximum possible encountered interference into different resolutions ranging from 10 steps up to 100 steps as shown in Fig. 6 . It is clear that as you increase your resolution during varying the interference limit I , the solution is much better, however, we can notice that even for 10 points resolution, the sum rate has been decreased slightly from the solution given with the 100-point resolution which is also very close to the reference solution obtained by solving the problem using DoC as in [19] . Thus, a good sub-optimal solution can be attained even for a small number of step points which decreases the computational complexity associated with the proposed scheme as described earlier in the complexity section. The sum rate is obtained from a random snap-shot realization of the system.
In Fig. 7 , the sum rate of D2D communication pairs is measured against different rate requirements of UAV connected users. We set the rate requirement equally for both UAV connected users (i.e., ζ 1 = ζ 2 ) for two different maximum transmit powers of D2D transmitters (P max d = 10 and 100 mW). Typically, as long as the rate requirement of UAV connected users is increased, the sum rate is decreased and it 16532 VOLUME 7, 2019 FIGURE 6. D2D Sum rate with different interference limits I for different resolutions. approaches zero for large rate requirement as all D2D transmitters tend to turn off their power to allow UAV connected users to meet their high rate requirements.
We also show the performance of D2D network sum rate against the UAV maximum transmit power P max u in Fig. 8 for different D2D pairs densities and for equivalent rate requirement of UAV connected users (i.e., ζ 1 = ζ 2 = 1). It can be noticed that for lower density of D2D communication pairs, there is no much increase in D2D network sum rate as P max u increases. This can be explained as the low-density D2D pairs are distributed over the whole target area and the optimization of both UAV transmit power and D2D transmitters power has no much effect on encountered interference and hence D2D sum rate due to their small density and wide-area distribution. However, as the density of D2D pairs increases, the interference problem become much more severe and the optimization of transmit power of both UAV and D2D transmitters becomes crucial as it decreases the harmful effect caused by interference and the D2D sum rate began to increase gradually as number of D2D pairs becomes much higher.
VII. CONCLUSION
We derived closed-form expressions for the rate outage probability of UAV connected users and different D2D receivers of D2D underlaying NOMA UAV-assisted wireless networks. The closed-form expressions showed the high dependency on the transmit power level within the network. Therefore, we formulated the power control optimization problem to maximize the D2D network sum rate and preserve a certain minimum rate for each UAV connected user. A sub-optimal solution for the original non-convex problem was obtained via relaxing it into a standard linear programming problem which is solvable in a polynomial-time fixed complexity by introducing auxiliary variable and extra constraint on interference encountered. By varying the encountered interference constraint via controlling the step size, an exhaustive search for a sub-optimal solution was conducted. Although the proposed solution provided a slight decrease in D2D network sum rate compared to the DoC approach, this can be tolerated by the fact that the proposed solution still provides acceptable solution even for large step size equivalent to low computational complexity which is highly desirable for UAV-assisted wireless networks.
APPENDIX A PROOF OF THEOREM 1
The probability of outage of UAV connected user U 1 is given by
The left hand side (LHS) of the inequality represents the sum of M independent exponential random variables each with
. Therefore, the LHS is a hypo-exponential random variable Y with probability density function given by VOLUME 7, 2019 f Y (y) = M m=1 m,1 (0)λ m,1 e −yλ m,1 [33] 
Therefore, (24c) tends to represent the CCDF of the hypoexponential distributed random variable which can be evaluated via the following integral
By switching the summation and integration operators, and after some algebraic manipulations, the results in (12a) can be easily reached.
APPENDIX B PROOF OF THEOREM 2
The probability of outage of UAV connected user U 2 is
Similarly, LHS of the inequality is a hypoexponential random variable and using the same approach, the results in (15a) can be directly reached.
APPENDIX C PROOF OF THEOREM 3
The probability of outage of the receiver of the m th D2D communication pair is determined by
The LHS is a difference between an exponential random variable X with rate p m D −n d d2d and a hypo-exponential random variable Y such that
such that (29b) is deduced from the independency between random variables X and Y, and d,n,m (0) is given by
The double integral calculation is straightforward and by switching the double integration and summation operators, the result in (18) can be easily obtained. 
